enzyme prefers G at the N+3 position, similar to that of DNMT3A-C Arg882His variant.
87
Based on previous observations that DNMT3B-C is a non-cooperative enzyme, we 88 performed a comparative analysis of its substrate preference with that of the DNMT3A-89 C WT and the Arg882His variant. DNA methylation levels at 56 CpGs were rank 90 ordered to compute consensus motifs that are preferred by these enzymes.
91
Interestingly, our data show that the Arg882His variant and DNMT3B-C have a similar 92 preference for nucleotides at N+1, 2 and 3 positions flanking the CpG site. These data 93 strongly support that the gain of flanking sequence preference is due to loss of 94 cooperative mechanism, and suggest that the DNMT3A-C Arg882His variant could 95 methylate DNMT3B-C preferred sites. We tested this "gain of function" prediction by 96 expressing WT mouse DNMT3A or the Arg878His (corresponding to Arg882His in 97 human DNMT3A) in Dnmt3a/3b double knockout (DKO) mESCs. Our data show that 98 whereas the DNMT3A Arg878His variant failed to rescue methylation at the major 99 satellite repeats (DNMT3A preferred target sites), its ability to methylate the minor 100 satellite repeats (DNMT3B preferred target sites), was comparable to that of DNMT3A Arg882 residue is also necessary for the cooperative kinetic mechanism of DNMT3A, 141 we tested the relationship between loss of cooperative mechanism and flanking 142 sequence preference. We performed in vitro methylation of a 509-bp DNA substrate sequencing. Our data confirmed the previously reported G preference at N+3 for 146 Arg882His variant compared to the WT enzyme ( Fig. 2a) . We have previously shown 147 that at a low concentration (0.25 µM), DNMT3A-C does not multimerize on the 509-bp 148 DNA substrate and therefore cannot methylate multiple CpGs using cooperative 149 mechanism, which is observed at a higher concentration (1 µM) of the enzyme 40 . DNA 150 methylation assays were performed using 0.25 µM and 1 µM enzyme, and the flanking 151 sequence preferences were compared. The preference of sites by DNMT3A-C at 0.25 152 µM over 1 µM is represented by fold change greater than 1 ( Fig. 2b , Supplementary   153  Table 1 ). Strikingly, 3 out of 4 sites preferred by DNMT3A-C at 0.25 µM have G at N+3 154 position, which is similar to the flanking sequence preference of the DNMT3A-C preference has not been thoroughly evaluated 44 . Using recombinant DNMT3B-C WT 166 and the Arg829His variant (homologous to DNMT3A Arg882His), we performed in vitro 167 methylation assays using the 509-bp DNA substrate. We compared the preferred sites 168 of DNMT3B-C WT with DNMT3A-C WT, DNMT3B-C WT with DNMT3A-C Arg882His,
169
and DNMT3B-C Arg829His with WT. The preferred sites of DNMT3B-C WT compared 170 to DNMT3A-C WT showed pronounced increase at 11 sites, of which 8 had G at N+3 171 position ( Fig. 3a) . Strikingly, many of these sites also overlapped with those preferred 172 by the DNMT3A-C Arg882His enzyme. This was confirmed by a direct comparison of 173 the preferred sites of DNMT3B-C WT and the DNMT3A Arg882His enzyme, which 174 showed only 4 sites preferred by DNMT3B-C over DNMT3A-C Arg882His (Fig. 3b ).
175
Interestingly, 3 out of the 4 sites carry G at N+3 position. The data also showed only a few sites that were preferred by DNMT3B-C the Arg829His variant compared to WT, 177 suggesting that the Arg829 mutation has little or no effect on DNMT3B-C activity and 178 flanking sequence preference ( Fig. 3c ). Unlike DNMT3A, DNMT3B methylates DNA 179 using a processive kinetic mechanism 40 . Our data confirmed that, similar to DNMT3A-C 180 WT, the Arg882His variant is a non-processive enzyme indicating that the Arg882His 181 mutation only affects its flanking sequence preference ( Supplementary Fig. 3 ). Taken 182 together, these data suggest that the Arg882His substitution alters the specificity of 183 DNMT3A to be similar to that of DNMT3B.
184
The DNMT3A Arg882His variant acquires DNMT3B-like substrate preference
185
The methylation assays to determine the flanking sequence preference described 186 above were performed for 10 minutes. which represents initial enzyme kinetics. To 187 evaluate the substrate preference during multiple turnovers, the methylation assays 188 were carried out for 30 and 60 minutes, allowing the enzyme kinetics to enter the steady 189 state. Comparing site preference for DNMT3A-C Arg882His to DNMT3A-C WT, the data 190 show progressive loss of preference for G at N+3 position from 30 to 60 minutes ( Fig.   191 4a, b). This is expected under conditions where the enzyme, after methylating the 192 preferred sites during the initial reaction, methylates other sites under multiple turnover 193 conditions. A similar comparison of site preference of DNMT3B-C WT over DNMT3A-C
194
WT or Arg882His variant, however, shows that the preference for G at N+3 position is We extended the analysis of the flanking sequence preference to determine the 202 preferred trinucleotides at the N+1/2/3 and N-1/2/3 positions by DNMT3A-C, DNMT3B-
203
C and the variant enzymes. Based on the occurrence of different sites, the methylation 204 at a site was calculated as a ratio of observed to expected fractional methylation.
205
Comparing the flanking sequence preference of DNMT3A-C WT, DNMT3A-C 206 Arg882His, DNMT3B-C WT, and DNMT3B-C Arg829His, the data showed that whereas 207 DNMT3A-C Arg882His, DNMT3B-C WT, and DNMT3B-C Arg829His cluster together at 208 21 out of the 64-nucleotide combinations, DNMT3A-C WT shows an opposite and a 209 distinct preference ( Fig. 5a , Supplementary Fig. 5a , Supplementary Table 2 ).
210
Based on the top 10 preferred sites, we used WebLogo application 45 to determine the 211 consensus sequence logo flanking the CpG sites for each enzyme. The analysis was 212 performed for methylation data collected at 10, 30, and 60 min time points to monitor 213 the temporal order of site preference by these enzymes (Fig. 5b ). As expected, the data 214 again show a dramatic difference in flanking sequence preference between DNMT3A-C 215 and DNMT3B-C. Whereas DNMT3A-C WT shows a preference for A or T at the N+1/2/3 216 positions, DNMT3B-C prefers G and C. The preferred sequence of the DNMT3A-C
217
Arg882His variant is strikingly similar to that of DNMT3B-C, particularly at N+1, where it 218 loses preference for T, and at N+2, where it gains a strong preference for C. The sites 219 with A at the N+1 position are most preferred by DNMT3A-C WT and are methylated 220 within the first 10 minutes, whereas sites with T at the N+1 position are methylated at 30 221 and 60 minutes ( Fig. 5b, Supplementary Fig. 5a ). This is consistent with previous studies which show DNMT3A to prefer T at N +1 from CpG site 44 . DNMT3A-C WT 223 enzyme has least preference for sites with G at N+1 position, which is just the opposite 224 for DNMT3B-C and DNMT3A-C Arg882His ( Supplementary Fig. 5b , c). Both DNMT3B-
225
C and DNMT3A-C Arg882His enzymes strongly prefer sites with C at N+2 positon and 226 methylate sites with A and T at N+1 position slowly and with a weaker preference.
227
Comparing preference of all four enzymes for nucleotides at position N-1/3 shows a 228 weak or no preference, whereas at N-2, all of them show a strong preference for C and 229 T ( Fig. 5b ). This is in agreement with crystal structure data showing fewer interactions 230 between DNMT3A and the nucleotides upstream of CpG site 41 . Taken together, these 231 data show that DNMT3A-C Arg882His has a similar nucleotide preference as DNMT3B-
232
C WT, not only at N+3 but also at positions N+1 and N+2 from the CpG site.
233
We next selected CpG sites that had G at the N+3 position and generated the preferred 234 flanking sequence logo using the WebLogo application 45 . A comparison between the 235 consensus sequences again show a striking similarity between DNMT3A-C Arg882His,
236
DNMT3B-C, and DNMT3B-C Arg829His, with G at N+1 position, which is the most 237 preferred nucleotide. In contrast, G at N+1 is least preferred by DNMT3A-C WT 238 enzyme. The consensus flanking sequence of DNMT3A-C WT had a T at this site. This 239 uncovered the importance of the nucleotide at the N+1 position, which can affect the 240 interaction of DNMT3 enzymes with DNA ( Fig. 5c ). We therefore tested if T at the N+1 241 position affects the preference for G at the N+3 position of DNMT3B-C and DNMT3A-C Table 3 ). Methylation assays using radiolabeled AdoMet were performed for 10 minutes 246 and total methylation was measured. Our data show that the preference of DNMT3B-C 247 and the DNMT3A-C Arg882 variant for G at N+3 position is lost ( Supplementary Fig. 4a -248 d). DNMT3A-C and its variants show rather strong preference for sites with A at the N+2 249 position, whereas DNMT3B-C shows a weak preference for sites with A or C occupying 250 the N+2 position ( Supplementary Fig. 4e ). Interestingly, DNMT3B-C Arg829His showed 251 reduced activity when compared to the WT enzyme, indicating an adverse effect of T at 252 N+1 position on its activity ( Supplementary Fig. 4f ). These data confirm our previous 253 observations that the interaction of DNMT3A-C Arg882His at the N+3 position is 254 strongly influenced by the nucleotide at the N+1 position. the Meis enhancer was used as a substrate for methylation reactions, and methylation 265 was analyzed by bisulfite sequencing ( Supplementary Fig. 6a ). The average 266 methylation at all CpG sites showed an expected high level of methylation by DNMT3A-
255

DNMT3A-C Arg882His and DNMT3B-C preferably methylate the same CpG site in
267
C WT compared to DNMT3A-C Arg882His and DNMT3B-C WT, and Arg882 variants 268 showed a loss of cooperativity on this substrate in vitro ( Supplementary Fig. 6b , c).
269
Next, we computed the flanking sequence preference of these enzymes as described 270 above. The data showed a strong preference of DNMT3B-C for one site compared to 271 DNMT3A-C, which had G at N+1 position ( Fig. 6a, Supplementary Fig. 6a ).
272
Interestingly, this site was also the most preferred site by DNMT3A-C Arg882His 273 compared to DNMT3A-C WT (Fig. 6b) . A comparison between DNMT3B-C and 274 DNMT3A-C Arg882His confirmed that DNMT3B-C has a higher preference for this site 275 ( Fig. 6c ). Although there are 3 sites in this substrate with G at N+3 position, these sites 276 have either T, C , or A at N+1 position, which are weakly preferred by DNMT3B-C and 277 the DNMT3A-C Arg882His variant. These data again confirm that DNMT3A-C
278
Arg882His has acquired a substrate preference that is similar to that of DNMT3B-C. The
279
data also show that the nucleotide at the N+1 position has substantial effect on the 280 flanking sequence preference of DNMT3 enzymes.
281
Mouse DNMT3A Arg878His retains its activity for minor satellite DNA in mESCs 282 While DNMT3A and DNMT3B redundantly methylate many genomic regions in cells, 283 they also have preferred and specific targets 9,11,50 . For example, in murine cells,
284
DNMT3A preferentially methylates the major satellite repeats in pericentric regions,
285
whereas DNMT3B preferentially methylates the minor satellite repeats in centromeric 286 regions 9,11 . Based on our observations, we predicted that DNMT3A Arg882His would 287 prefer DNMT3B-specific targets. To test the idea, we carried out rescue experiments in Arg829His (catalytically inactive DNMT3A1 and DNMT3B1, with their PC motif in the 295 catalytic center being mutated 52 , were included as negative controls) (Fig. 7a ). The 296 genomic DNA from these cell lines was harvested, and DNA methylation at the major 297 and minor satellite repeats was analyzed by digestion with methylation-sensitive 298 restriction enzymes followed by Southern blot. Consistent with our previous results 26 , 299 the ability of DNMT3A1 to rescue methylation at the major satellite repeats is severely 300 impaired with the Arg878His substitution ( Fig. 7b ). However, at the minor satellite 301 repeats, which are largely methylated by DNMT3B, DNMT3A Arg878His rescues DNA 302 methylation to levels similar to the DNMT3A WT enzyme (Fig. 7c ). These data 303 demonstrate that the DNMT3A AML mutant specifically retains its ability to methylate 304 DNMT3B preferred target sites, while losing preference for sites methylated by
305
DNMT3A.
306
To test if the preference was driven by a potential sequence bias in the major or minor 307 satellite repeats, we analyzed the flanking sequences around CpG sites and computed 308 the consensus sequence logo using WebLogo application 50 (Fig. 7d ). The analysis 309 shows that the major satellite repeats are enriched with CpG sites carrying T at N+1 and 310 A at N+3, and are depleted in CpG sites carrying G at the N+1 and N+3 positions.
311
However, the minor satellite repeats have a high percentage of sites with G at the N+1 312 and N+3 positions, which are highly preferred by DNMT3B as well as DNMT3A
313
Arg882His. These data confirm that DNMT3A Arg878His acquires catalytic properties similar to DNMT3B, which may allow it to target DNMT3B specific sites in somatic cells 315 and contribute to cancer development.
316
Our data also show that unlike the WT enzyme, the DNMT3B Arg829His variant was 317 unable to rescue methylation of the major satellite repeats and only partially rescued 318 methylation of the minor satellite repeats (Fig. 7b, c) . This is in agreement with our 319 observation that substrates with T at the N+1 position are strongly disfavored by the 320 DNMT3B-C Arg829His variant ( Supplementary Fig. 4f ). Specifically, about half of the 328 variant modifies its specificity to be similar to that of DNMT3B where it prefers G at N+3 329 ( Fig. 8 ). Whereas DNMT3B methylates its targets in a processive manner, DNMT3A WT 330 and Arg882His methylate these sites distributively explaining the lower activity of these 331 enzymes at these sites.
332
Discussion
333
Despite numerous studies addressing the biological roles of DNMT3A and DNMT3B in show that disruption of cooperativity alters the flanking sequence preference of 345 DNMT3A-C, suggesting that the gain of flanking sequence preference of the DNMT3A-
346
C Arg882His variant is the consequence of losing the cooperative kinetic mechanism.
347
We systematically computed the temporal order of site preference for the DNMT3A-C, sequence preference is similar to DNMT3A Arg878His variant, we propose that 366 DNMT3A methylates minor satellite repeats using non-cooperative kinetic mechanism.
367
This prediction also explains the rationale behind the lower activity of DNMT3A at minor 368 satellite repeats compared to that of DNMT3B, which methylates its target sites using 369 processive kinetic mechanism. Similarly, although DNMT3A Arg878His variant prefers 370 DNMT3B sites, it methylates these sites using a non-cooperative distributive 371 mechanism explaining an incomplete rescue by the variant enzyme compared to 372 DNMT3B. A high activity of DNMT3A at the major satellite repeats could be justified by 373 the cooperative mechanism used to methylate multiple CpG sites.
374
These observations also suggest that at genomic regions with sparse or dispersed CpG 375 sites, in the absence of cooperativity, sites with preferred flanking sequence (such as 376 N+1,3=G) could be methylated at higher levels both by DNMT3A and DNMT3B.
377
However, except during early embryogenesis, the tissue specific expression of 378 DNMT3A and DNMT3B ensures that these enzymes methylate distinct regions, besides 379 having many common target sites. The importance of this regulation is highlighted by 
443
Flanking sequence preference was also measured using short oligonucleotides and 444 DNA methylation assays using radiolabeled AdoMet as described above. Sixteen 445 different 30-bp substrates were used with varying combinations of the second and third 446 nucleotide around the CpG site on either side ( Supplementary Table 3 ).
447
Bisulfite sequencing
448
Bisulfite conversion was performed using EpiTect Fast Bisulfite Conversion Kit 449 (Qiagen, 59802) according to the manufacturer's protocol. PCR amplifications were 450 performed with primers as described ( Supplementary Fig. 2A-B) 39 given the preference is more than 2 fold ( Supplementary Table 1 ).
474
To determine the fractional distribution of nucleotides at preferred sites the occurrence Table 2 ). methylates multiple CpG sites rapidly by using cooperative mechanism, and has no 806 strong preference at N+1 and N+3, and a minor preference for A at N+2. However, in 807 absence of cooperative kinetic mechanism at low concentrations of DNMT3A enzyme,
808
for the Arg882His variant, and DNMT3B, the flanking sequence preference for G at the 809 N+1 and C at N+2 position is observed. 
